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Very highresolution spatial interferometny requires picometer level one Gimensionasl metrolopy, smlaee et ol
opy and 3 dimensional metiology. The absolote distanee me vracies of onhv 1 opart in s aillion

the the proposed Stella ferometry Mission (SIND), e vy

i due to the caneflod desipn of spacecrali

Biglho recolution stella interferonmeters.,
Arncabsolute ealibration system for the sinlace pampe decribed in a0 nevions waiper 1s demaonsales

A selt calitnating, absolute metrology system with s repeatability of 2 mmicrons 1ms over o one way distance of
aanclter s demonstrated, The accuracy calibration of this eauee is in propeas

“

Avcanto alipgnine, 3 dimcnsional metrology pavec is constiucted using the subs picometer linear metrolopy pange

deseribed in emlionr papers, Indtial testresults Trom this demanstration sve prescented .
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Finatly, the completed 3 dinnensional metiology pavee o0 presented with initi Eodata to ver Iy its
operation. The measurenents to Jocate the corner of o test ¢Cnner cube nsing this 3 dimmensional o
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2. SURFACE METROLOCY GA.IC

2.0 Sepwvabion of Test and Reference Flat Figme Frrors

I

Sest oand

se tatotate the test mitror about a single point that 1emains fixed througl
ran with the

used Lo separate the fipure eriors in a s

positiion is

2.0 Yeconvolu jon of he Center and e Anple of o atio

Let Ty and Iy be the
in o padeankan orienta

fipure crrors ot poriculinr s and the pariiular reference fiats
vwithespeet to cach other respectively

Lot Sy he the two dimnensional surface figure dificrenee ¢rion as e e by the smface pauge wil i tes
and the relerenee lats in the arientation deseribed sbove,

Let Sy and So he the two, 2 di
the test mirror

re dificrence errars as measured by the s Lae ganpc with

points {ay,y ) and (s ) on the surlace of (he st 1 o

from the arientation described above 1espeetively.

Lot Iy and o be the two rotation operators describing the rotations performed ahove

\___:.:, ,f.: B \\4\ \_.\, .IA_ - x.'_w\_\ \...\. and _n__..‘ \...,.‘\_.« ?..\ ~fine v,f; and \v.fm‘ as ,f<_ ,f_: andd
v,f_.x‘ .f_.u. .f_c‘ It follows that \»,f__ - \v.f..\ - AT._ \...uv.\”\..

It s casy to show that 1L DS) - 1yDS, (I oYy - [y, 1oty where Iy, L] i the commutator f
the two rotation o swith diffevent conters and dificrent aneles of votation. 1 then obiain DSy DS,
W DS DS, 1 2Ty

H Ry and 1 have o ¢ C1r o O, This means that yotations in oo plane abont
L cormmon conle b inany order w - he

results i the suilace metiology pange,

DSy DS, R.DS, g,

e two totatl

The only unknowns in the cquation given above are

that
the s netrology gauge ®every pivel on the test minion cortesponds to a unique pisel on the relerene

The equation given above can he expr

the overlapping in




Figwe 1o Double- differenced sarface figuve 15,
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2.8, Ivacking Minihmiza

I imiplemented o variant ol the Levenberg: Mavgquarde 1 ininization algorithim. The miinimizer comnputes and
tracks the vanying, region of intepration as the parameters of minbhmization change. The returned function values
to the mindiimizer ave nonmalized to the aea of intepration 1o paform a meaningful minimization,

The pavameters can not be allowed to change anbitravily as the minimizer will shift the centar of rotation out
of the suface figure difference images with larpe rotation aneles to pet zevo overlap and zero mindmized value. A
dynamic bound checking, algorithim is linked to the miniizer to prevent it from “ranuing, oul of the pictund

This method works very welb and it s very fast. 1 takes o few minutes on o Sun Spare 20 work station with
miniimal memory requitements to find the conter and the two angles of rotation.

ieo 1 and Pip. 2 show twao doeuble diltarcnced siface figwne crvor iimaves (D87 and H5,) with two different
angles of 1otation as mcasured by the surlace metrology panpe inoa particular set of data runs.
’ . [ER <o '

Fig. 3 shows o particular representation of the miniimizer antput. ‘This is a plot of “goodness of it as a fonetion
of the starting coordinates of the center of 1otation. The poodness of fit 1s zero {or the ahsolute best fit in the
absence of noise in the measurements, Jis s miniin at the hest-it valoes of the parametars. A four dimensional
minimization was performed stanting, from the coordinates piven and the poodness of fit thus obtained was plotted
at those coordimates. The juitisl ('()()l(‘]llrl“‘:. are used dnstesd of the final coordinates of the minimum as the
minimum can be ycached from many values of the stavting coordinates v general,

The true yotation center appeas as the dip nea the center of the fipme. The only other possible fits place the
starling values {for the center of 1otation coordinates very nean the edges ol the figme with very had overlap, These
are climinated by comparing them apgainst the waked initial images of the positions of the rotating mirror,

In this pa Ueulin ran, the minimiza gave thevalues (167, 1 18) as the center of 10tationand-0.6001 1adians and
1SR vadinus as the angles of 1otations, Initially, the comera was adjost ed 1o bring the center ol rotation nearthe
center of the image o (160,120). The cradely measur ed g les of votation were <0622 1adiims and - 1182 1adians.

Pig. 4 shows the computed center of 1otation in the field of view of the camera on the derived hackground
pictne. This picture shows the imperfections fn the s lace gauge initial heam independent of the test and the
reference mittars, The images ae compensated by this hackpround image hefare the sulace fipare differences ae
cornputed. A new backeround picture is pencrated every time a new dataaun is peformed 1o prevent any changes



Figure 2 Ddouble-differenced s lace fipue 1S,
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Figure 3: Goodness of fit versus the staniip center of 1otation coordinates
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Figure 40 Computed center of 1otation on the gauge background

inthe non-unifor vy background from corrupting the swrface fipure differences

2.4, Sepavation of Figure Yrrors

Once the the center and the angles of 1otation are known, the suiface figures can be solved using any pait of the
cquations Sy Ty Iy, Sp o Iy Ry and &, 0 10Ty Ry However, anysuaightforwardattemptto [lo S)
is very Hkely to result inmany singularitics that prevent these from being used directly in a linear equation solver
like Gauss Jordan elimination. One of theveasons forthis is the sinall.singulan neighborhood around the center of
rotation. Anotherreason is the existence of closed loops inthe equations d ue to integer pixel locations and limit ed
precision pixel values.

In fact, these closed loops can be taken advantage of by fitst solving, for asmallsubset of points using all thiee
(:indmorc using another data set) equations. Fhe rest of the points which donotlie on o closed loop ave sol ved for
subsequently. This partof the alg orithin is currently being implemented. Theresults of this and the translation
deconvolution will be repor ted ina subhsequeent paper

3. ABSOLUTE METROLOGY GAUGHE

The detailed operation of the ab solute metiolopy paupe is described in a previous paper 90 In what follows, ]
will describe themeasurements performed using this gauge. Current ly, the gauge operates in stitl air. The gpoced
of lightin viic ummn is used tocomputethe ahsolute lengt hise This ¢ a uses a snoall systematic error in the lengt hs
themselves, but it does not present a problem as the gauge repeatability is within our specifications, i space, the
gaupe Ope ate s In vacuuntiminating this systeniatic etrorattogether, The demonistration will be moved into a
vacuun envelope during the coming, year.

3.3, Reference Cavity Leng (h Measarenents

Fig. b shiows the optically contacted, high finesse, UL veference cavity before it was installed in the cavity oven
assernbly. The vertical dmk shade in the middle is prociuced by the stnall venthole drille d into the body of the

cavity. Theraler is marked in inches.



Figure b Thereference cavity

Figure G: The cavity oven




Figure 7: The reference cavity Iength during, a day

Absolute Metrology (05/16/95)
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1 ig. 6 shows the cavity oven assernbly with its coverremoved. The cavity s suspended inside the copper canister
at the top. One of the heater padsonthecanister is visible. 3 he optical circulator, the JMO10((C(CT (117 assemblyand
the mod ¢ matching lens holder occupy the middle seetion. The bot tom section hiouses the five axis fiber lnuncher
asscibly. a sixinchiruler is resting along the edge of the 47 inner diameter bot tom conflat flange.

Fig. 7 shows mcasmements of the reference cavity length at every 1.7 minutes (averaging time) for a period of
nearly 20 hours. The cavity lenglh is stable to 34 nim rms.

Fig. & shows measurcnends of the reference cavity length at every 15 minutes for 120 minutes in a quicter
cnviromuent. The cavity length is stable to 3 1 rms.

3.2, Simultancous Cavily Length and Absolute Distance Measurer nen ts

Fig. 9 shows mcasurements of the reference cavity length for thhee consecutive days, The lasers were maintaining,
lock during this timme. The cavity lenglh is stable to 18 nm 1ms.,

Fig. 10 shows measurements of the absolute distance for three consccutive days. The measured length was
servoed 1o constant using, another relative metrology gaupe between the satne corner cubes. The distance is siable
18 microns rms. The actual distance measured was verified with a ruler to an accuracy of few millimeters.

Fig. 11 shows micasur ¢ ments of the absolute distance one after another with improved laser stabilization and
absoltte gaupe code. Themeasmed leng th was held constant using, anothe rrelative me trology gauge bet ween the
sar ne corner cubes. The distance measurement is repeatable to 2 microns 1ms.

New data indicate a repeatability down to 1 micron 1ms over the same absolute distance. Thesce results together

with a calibration tracking run (changing distance tracked by the absolute gauge) aud ahsolute gange vacuum results
will be reported in a subsequent paper,

4. 3-1) METROLOGY GAUGE
The completed 3 dimensional metrology gauge is presented in the figures Fig. 12, Fip. 13, and Fig. 14. Vive lincar

metiology heads with built in dithering, are mounted on a 27 by 27 super invay breadboard. These heads monitor the
distance between their internal corner cubes and one external corner cube, The external corner cube is mounted



Figure 8: Theacference cavity length for wo hours
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Figure 9: The reference cavity length for three days
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Figure 10: The absolute distance for three days
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on a five degrec of frecdom stage 10 snnu'?dto tﬂ(' angfu of 111(1(((‘11(0 (\n(ountcx(\( under realistic condiitions. The
breadboard acts as a therinally stable reference surface that holds the distances between the measurement heads
constant.

The design uses the previously developed ! 2 linear rclative et rology gauge. The improvements to the linean
gaupe include an all-fiber distribution system and built- i1 dithering on a thermally stabhle base. The modulation
systern s the same as the one used in the absolute et 1ology pgauge. The entive gauge onice again is constructed
on a scismically isolated optical breadboard jnside the fom feet vacuu i chiar nher.

The gauge is driven by one of the stabilized lasers that also functions in the absolute gauge. The fibers bring,
theheterodyne bearns to the 3-dimensional gauge base table. A 2 by b fibar splitter generates all the laser beams
needed for the five heads.

The metrology launching, head consists of two {iber collimators, a polarizing beam combiner, a beam launcher
cube, a reference corner cube, reference and unknown photodetector ¢ircuits and the dithering, piezo electric tip-tilt
stage. Five heads are arranged in such a way that all of their beawns intersect at the corner of the measurement
corner cube,

The micasur ¢ nent corner cube ismounted ona piezo-clecty ic flexur ¢ iount appy oximat cly 33 inches away from
the super invar table. This mount i s used o hold the distance between the cent ral head and the mcasurement
corncercube constant. It is also used to ¢ hange this dist ance predictably and accu rately.

Theinitial tests of thesystem consist of micasuring the (°10S(°(1 loop performance of the measurcient cot ne
cube servo systenn and determining, the tracking errar between any pain of heads iu aiv, without scisinic isolation)
abncarrent damipe rs o self-interference cancellation to get a baseline set of data bofore moving it into the vacuu m
envelope.

Vig. 15 shows one sccond averages of the servo erron signal o f the measm ¢iient corner cube servo system under
the conditions desceribed above. The 1 esidual jitteris about 39 pinrins. The unity g ain oscill ation frequency of this
servo is 444 Hz. Theserve errorsignalis sampled at 4096 Hz, and feedback is app lied through a simple integrator.

Fig. 16 shows the tr acking error between two heads when the measur ement corner cube is moved in a rapid cycle
Lo canicelout the effects of air tull)ul(lice and g roundvibrations. Theservo is made to oscillate at its unity gain
frequency. The peak-to-peak amplitudes of the motions detected at cach head at every half cycle of the oscillation
is compared Lo cach other. The ratio of these peak-to peak amplitudes is constant and it is a function of the angle
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Figure 15: The 3-dimensional gauge servo error signal
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Figure 17: The input beam to a corner cube

between the heads. This particular data set indicated an angle of 17.3 degrees 4 1 degree hetween these two heads.
A crude measurement using a ruler gave an approximate angle of 20 degrees with au error of 4 2 degrees between
the same heads. The difference between the motions detected at these heads afler accounting for the derived angle

difference is about & nm rns.

4.1. Corner cube induced aberrations

Fig. 1°? shows a 10mm visual diameter, nearly Gaussianlaser beam with a wavelength of 63311111 impinging on a
2* clearaperture, few’ arc-sccond orthogonality, A/10 each sutface fi gure, open-faced cornercube.

Fig. 18 shows the returned bean from the same corner cube nearly 1.5 meters away. The beam looks like
anything but a Gaussian. In the 3-dimensional metrology gauge, an output beam, after being reflected by two
corner cubes; is made to interfere with a beam that looks like the input bean as show 1l inkig. 17. Whenthe
input beary moves to dither, the deepy diffraction pattern ioves with it potentially causing large phase errors. The
3 dimensional gauge will solve forand eliminate these types of systematic p roblems as well.

The in-vacuum results from this gauge with dithering will be reported in the subsequent paper.
5. SUMMARY

The surface pauge absolute calibration is in progress. The deconvolution of the rotation from the surface figure
difference images is complete. The solution for the separated surface figures is being implemented. These results
and the translation deconvolution will be reported in a subsequent paper.

The absolu te gauge has reached a cavity length mcasurement accuracy of 3 nimrms for a cavit y length of nearly
5 cm. The absolute distance repeatability is down to 2 microns rins for a one-way distance of ncarvly Tineter. New
data indicate down to Tmicron repeatability inair. The calibration of this gauge by tracking a changing distance
andthe gauge operati on in vacu umn will be repo rted in the subsequent paper.

The construction of the 3-dimensional metrology gauge is complete. The gauge is being tested in air before it
is placed in vacuum. The results from this gauge will be presented in the subsequent paper.




Figure 18: The output beam from the same corner cube
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